Introduction 72
Streptococcus pneumoniae is a major causative agent of bacterial pneumonia and tympanitis 73 in children [1] [2] [3] . More importantly, in the recent years, S. pneumoniae-infected meningitis 74 cases with high fatality have been frequently reported in many countries and areas [4] [5] [6] [7] [8] . 75 Therefore, S. pneumoniae is a common pathogen for human beings with global importance. 76 β-lactam antibiotics are the first choice in clinic to cure S. pneumoniae-infected patients 77 [9] . However, in the recent years, β-lactam antibiotic-resistance of S. pneumoniae isolates 78 from patients is continuously increased and the antimicrobial-resistant S. pneumoniae strains 79 became more epidemic in many countries and areas [10] [11] [12] [13] [14] [15] , which has been considered as 80 the major reason for increased incidence of S. pneumoniae-infected diseases [15, 16] . 81 Bacterial β-lactamases have been confirmed to play a key role in generation of β-lactam 82 antibiotic resistance in many bacteria including S. pneumoniae [17] . Mutation of 83 penicillin-binding proteins (PBP), the receptors of β-lactam antibiotics located on surface of 84 bacteria, has been reported as the major β-lactam antibiotic resistant mechanism in bacteria 85 [18, 19] . However, recent studies found that some of the S. pneumoniae strains had no PBP 86 mutation but presented β-lactam antibiotic resistance [20] [21] [22] , indicating that S. pneumoniae 87 may have a PBP mutation-independent mechanism of β-lactam antibiotic resistance. 88 StkP is a sequence-conserved eukaryotic-type serine/threonine (Ser/Thr) kinase (STK) of 89 S. pneumoniae that has been confirmed to be involved in PBP mutation-independent 90 penicillin resistance [22] . In the chromosomal DNA of S. pneumoniae, StkP-encoding gene 91 (stkP) and phpP gene compose a stkP-phpP operon and the product of phpP gene is 92 annotated as a putative phosphatase [23, 24] . A previous study demonstrated that the PhpP 93 6 and StkP of S. pneumoniae composed a StkP-PhpP signaling couple [25] . It has been reported 94 that both prokaryotic and eukaryotic STKs are activated through phosphorylation at Ser/Thr 95 sites and some certain protein phosphatases can inactivate STKs by hydrolysis of phosphoryl 96 groups at the Ser/Thr residual sites in STKs [26] . In particular, a previous study revealed that 97 penicillin (PCN) could cause the gene expression profile change of S. pneumoniae [27] . 98 Therefore, we presume that β-lactam antibiotics may act as environmental inducers to cause Identification of phpP gene-knockout mutants. 241 Growth of the ΔphpP-6306, ΔphpP-SP5, ΔphpP-SP9 or ΔphpP-SP14 mutant was assessed by 242 spectrophotometry. The phpP gene knockout in the ΔphpP mutants was determined by PCR 243 using the primers P-4F/P-4R and P-5F/P-5R (Table 1) Detection of β-lactam antibiotic resistance of ΔphpP mutants. 269 Susceptibility of the ΔphpP-6306, ΔphpP-SP5, ΔphpP-SP9 and ΔphpP-SP14 mutants to PCN 270 or CTX was detected by E-test as described above. In the detection, the wild-type S. 271 pneumoniae strains were used as the controls. 
Results

280
Increase of stkP-and phpP-mRNA levels induced by sublethal PCN and CTX. 281 The phpP-and stkP-mRNA levels of each of the four tested S. pneumoniae strains were 282 relatively lower. When the strains were treated with 1/4 MIC PCN or CTX, the phpP-and 283 stkP-mRNA levels were rapidly elevated ( Fig. 2A-2D) . The data suggested that sublethal 284 PCN and CTX can act as the stimulators to induce the expression of S. pneumoniae phpP and 285 stkP genes. 286 287 Characterization of phpP and stkP genes. 288 The product of S. pneumoniae phpP or stkP gene was predicted as a secretary cytosolic or a 289 transmembrane protein (Fig. 3A and 3B) . The phpP gene contains a PP2Cc type protein 290 phosphatase domain (6-238 aa) with five enzymatic active sites (Fig. 3C) . The stkP gene Effects of expression and extraction of stkP and phpP genes. 297 The nucleotide and amino acid sequence identities of phpP or stkP genes from the four S. 298 pneumoniae strains were 99.3%-100% and 99.1%-100% or 99.2%-99.7% and 98.7%-99.9%, 299 compared to the same two genes in GenBank (accession No.: NC003098) (data not shown). 300 The two engineered strains expressed the target recombinant proteins rPhpP and rStkP, 301 16 respectively, and the extracted rPhpP or rStkP was showed as a single band in gels ( Fig.   302 4A-4D). 315 The ΔphpP mutants could grow persistently in the TH broth similarly to the wild-type strains 316 (Fig. 6A) . The PCR plus sequencing and Western Blot assay confirmed the phpP gene 317 knockout and no PhpP expression in all the four ΔphpP mutants (Fig. 6B and 6C ). 1/4 MIC 318 PCN or CTX could cause the increase of StkP phosphorylation levels in the ΔphpP mutants 319 and their wild-type strains (Fig. 6D and 6E) . However, the ΔphpP mutants presented 320 significantly higher PCN-or CTX-induced StkP phosphorylation levels than the wild-type 321 strains ( Fig. 6D and 6E) . The data suggested that sublethal PCN and CTX can induce Increased PCN and CTX resistance of ΔphpP mutants. 325 The MICs of PCN and CTX against wild-type ATCC6306, SP5, SP9 and SP14 strains of S. 326 pneumoniae were 0.02-0.5 μg/ml, indicating all the strains were sensitive to both PCN and 327 CTX. However, the MICs of PCN and CTX against the four ΔphpP mutants were 328 significantly elevated as 4-16 μg/ml ( Table 2 ). The data suggested that PhpP is involved in 329 β-lactam antibiotic resistance of S. pneumoniae. 
